Flowering in citrus plants grown from seeds occurs between four to ten years; therefore, the reduction of the juvenile period is a challenge for the genetic improvement of citrus. However, the Embrapa Mandioca e Fruticultura created a hybrid called Microcitrangemonia [Lemon Tree 'Rangpur' (LCR) X Citrus 'Yuma' (CTYM) -005) X Microcitrus papuana (MCP) -011] which presents a short juvenile period (one year) and flowering in all seasons of the year. It has a rare genotype for citrus cultivation. Other varieties with similar characteristics are only transgenic. This work describes the genes expressed in flowering-related pathways in the citrus hybrid Microcitrangemonia, which shows early and constant flowering and compares the gene function of each pathway with the existing Arabidopsis thaliana homologues. We performed RNA extraction, RNA-sequence library construction and sequencing from leaves, reproductive buds and stems of the H011 plant. We identified floweringrelated transcripts and cladograms of similarity for the SOC1, AP1 and FLC proteins. Sequence annotation shows showed that most of the hits are similar to Citrus sinensis, 57%, and Citrus clementina, 38.9%. Different sequences similar to 29 proteins belonging to different flowering-related pathways have been identified, such as gibberellin, photoperiod, autonomous and vernalization. The analysis of similarity allowed inferring that H011 has greater evolutionary kinship with Citrus sinensis. The outcomes contribute to the understanding of the early and constant flowering of H011 as well as provide an important bibliographical source for breeding programs in citrus that work with the area of research of juvenile period reduction.
Introduction
In the plant life cycle, flowering is one of the most important events for representing the transition from the vegetative to the reproductive period. Plants become capable of originating new individuals and perpetuate the species. If the plant has market value due to fruit commercialization, flowering represents the beginning of production and profits [1] .
In citrus, which are perennial, woody plants, with several species with commercial value, flowering is an event of late occurrence, becoming very expected by the producers. Orchards produced from seeds may take more than five years to breakdown from the long juvenile period, which is a problem for production and a challenge in citrus genetic improvement programs [2] .
Researchers and producers have adopted different strategies in an attempt to reduce juvenile period time in citrus such as the use of rootstocks, application of phyto-regulators and plant submission to the abiotic stresses [3, 4] . However, there is still a need to better understand the genetic and molecular mechanisms that regulate flowering in citrus so that the measures may become more effective or even to create new actions to reduce the vegetative period and consequently flowering.
The citrus hybrid Microcitrangemonia (H011), developed at EMBRAPA Cassava and Fruits, exhibits characteristics related to the juvenile period and flowering, which are unique compared to other https://doi.org/10.1016/j.cpb.2018.12.003 Received 2 October 2018; Received in revised form 11 December 2018; Accepted 15 December 2018 citrus species of zygotic origin. H011 has a very short juvenile period; there are individuals that begin to bloom in the first months of life. Thus, in addition to being interesting to producers, this genotype is a rich molecular and genetic source for information on mechanisms controlling flowering in citrus.
Most studies related to floral development take place on plant models such as Arabidopsis. Knowledge shows the possibility to understand better this process in plants. Signaling pathways such as gibberellin (GA), photoperiod, vernalization and autonomous were discovered, as well as the identification of different genes that are part of these pathways and which genes induce or repress flowering [5, 6] . Therefore, the information found in Arabidopsis can be used to carry out similar investigations in citrus. Developed studies in citrus which show that genes such as LEAFY (LFY), APETALAI (API), TERMINAL FLOWER (TFL), APETALA3 (AP3), SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) and WUSCHEL (WUS) are linked to flowering and are homologous to those found in Arabidopsis [7, 8, 9] . These studies are among the pioneers on genes related to flowering in citrus, which is a complex process that currently requires further investigation, specially on the genes expressed initially in each pathway. Most of the studies regarding citrus integrate meristem-identity genes. However, identifying representatives of other pathways may help in better understanding the interaction between the gene products and induction/repression processes that occur on the transition from the vegetative to the reproductive stage. This study investigated the genes expressed in the pathways related to flowering in H011. We conducted the functional annotation of leaf, stem and bud transcripts focusing at genes previously related to the photoperiod, vernalization, autonomous and gibberellin pathways and compared the function of the genes of each pathway with the existing homologues in Arabidopsis thaliana.
Methodology
2.1. Collecting samples of the hybrid Microcitrangemonia, RNA extraction, library construction and sequencing Leaves, reproductive buds and stems were collected from the hybrid citrus H011 at the EMBRAPA Cassava and Fruits, Germoplasma Active Bank (BAG), Cruz das Almas, BA. We obtained five samples of each tissue, conditioned in suitably identified aluminum foil bags and immediately frozen in liquid nitrogen for RNA preservation. The samples were transported to the Laboratory of Molecular Biology (LBM) and stored at −80°C for two weeks.
We extracted total RNA from the samples from approximately 75 mg of plant material from each tissue replicate, macerated with liquid nitrogen, using the RNAqueous® Kit (Applied Biosystems, Ambion) following the manufacturer's recommendations. RNA quality was verified in electrophoresis with 1% agarose gel and, for the band visualization, we used fluorescent dye Gel Red®. The images were captured using the Kodak Gel Logic® photodocumentator.
Qubit Fluorometer (Life Technologies) measured RNA concentration using a Qubit RNA Assay kit (Life Technologies) for RNA labeling. RNA samples from each tissue (stem, leaf and bud) were combined in three equimolar pools (LF (leaf field)), BF (bud field), SF (stem field).
The RNA-seq library was prepared with a Illumina TruSeq kit and protocol, then quantified by qPCR (real time PCR) using a Kapa® Kit and the Applied Biosystems 7500 Fast apparatus. Library sequencing occurred on the Illumina MiSeq platform.
Sequence processing and annotation
After the sequencing, FastQC tool [10] was used to verify the reads quality. Then, adapters of the reads, sequencing artifacts and fragments with low quality were removed with the Trimmomatic version 0.32 program [11] . The filtered reads of the library were aligned to assemble the transcripts with the Trinity tool [12] . Diamond version 3 software was used to analyze the sequences [13] . The alignment was performed with the Blastx algorithm that allowed finding similarity for the functional annotation of the sequences translated into six reading frames when compared with vegetable-derived proteins available at Swiss-Prot and TrEMBL do Uniprot (http:// www.uniprot.org/) and Refseq do NBCI (http://www.ncbi.nlm.nih. gov).
Afterwards, the Blast2GO version 5 tool [14] received the results (output) of the alignment of the transcripts to perform the functional annotation of the sequences by mapping in the Gene Ontology (GO) database. The Biological Process, Molecular Function and Cellular Component characteristics of the proteins provided by the functional annotation were analyzed in general (all Microcitrangemonia sequences) and in a specific way (by searching for the keyword "flower" in the annotation terms).
Identifying transcripts related to flowering
At the NCBI and Uniprot databases, we acquired sequences of 32 different citrus or Arabidopsis proteins associated with the pathways involved in the flowering process (Table 1) . These pathways are gibberellin, photoperiod, autonomous, vernalization, floral integrators and meristematic identity. Subsequently, we used the BLAST tool to identify homologous H011 transcripts. The cut-off used for consideration of sequence similarity was the alignment identity and coverage of equal to or greater than 50%.
Cladogram of similarity
Sequences of different plant species were obtained from the NCBI and Uniprot databases for the SOC1, AP1 and FLC proteins belonging respectively to the floral integrator pathways, meristematic and autonomous identity. To develop the cladogram to the protein FLC, we used 25 sequences belonging to 12 species, to the protein SOC1, 33 sequences reporting to 31 species; and to protein AP1, 25 sequences belonging to 21 species. In the alignment for each protein, we included the homologous sequence of the H011 protein, using the program Muscle [15] . The cladogram was made using the MEGA 7.0 [16] tool.
Results and discussion
There were different GO terms for the H011 sequences distributed in the three different GO classes (Biological Process, Molecular Function and Cellular Component). A restricted search for the processes presenting the word flower in the GO terms allowed us to obtain specific results related to the transition from the vegetative to the reproductive period. The proteins involved in the pathways related to flowering were identified in the H011sequences and different hypotheses were created on the performance of these proteins. The similarity study between plant species and the H011 occurred for three proteins that were of great importance for flowering and the evolutionary proximity of the H011 was demonstrated.
Annotations of the sequences
The 5,204,591 paired-end reads obtained by sequencing and filtered by TRIMMOMATIC were processed by Trinity tool which assembly generated 45,080 transcripts. The alignment to plant sequences from Refseq Database with BLASTN identified 43,430 transcripts similar to sequences belonging to citrus and 1650 similar to sequences from other plant species.
Citrus sinensis was the species with a higher prevalence in relation to the similarity with the H011 sequences (57%; 25,700 hits). Citrus clementina had 38.9% (17,533) of hits and other species had 0.4% (187) of hits (Fig. 1) . The high prevalence of similarity with C. sinensis and C. clementina is a consequence of genome sequencing of the two species, since most of the information available in citrus-related databases belong to both species [17, 18] .
The functional annotations of the transcripts through Blast2GO made it possible to obtain 26,073 GOs terms distributed among the three existing categories. Molecular function (MF), biological process (BP) and cellular component (CC) had 21,268, 19,280 and 18,908 annotated transcripts, respectively (Fig. 2) . The same transcript may have more than one GO term simultaneously. Fig. 3 shows the most found terms between levels 2 to 6 for the three main categories -BP, CC and MF.
For BP, most of the transcripts relate to the metabolic processes and to the cellular processes, presenting 54.7% (14, 265) and 54% (14,081), respectively (Fig. 3) . The abundance of transcripts associated with the metabolic process occurs because of the importance and dimension of the process as it corresponds to the catabolism and anabolism of cellular molecules such as lipids, proteins, carbohydrates and nucleotides. The regulation of the metabolic processes generates the cellular homeostasis necessary for the correct organism functioning [19, 20] . The prevalence of transcripts linked to cellular processes shows the cells need to perform activities such as intercellular communication, differentiation, apoptosis, exocytosis, phagocytosis, growth and multiplication [21, 22] . Therefore, metabolic and cellular processes are among the main ones 
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for the organism survival, which justifies the classification as the most common and processes in functional notes made for different living beings.
In the MF category, the highest prevalence of transcripts was for binding, 54.5% (14, 226) , and catalytic activity, 51.5% (13,439) (Fig. 3) . The binding allows cells to create functional pairs such as receptor of signals and ligands, enzyme and substrate, protein and deoxyribonucleic acid (DNA). Such bindings are essential for the functioning of the different pathways of cellular metabolism [23] . Similar to the action of catalysts, specific enzymes whose function is to change the speed of a chemical or biochemical reaction that are not consumed during the process. A large diversity of enzymes is constantly produced in the cells, so that they act by accelerating different steps of the metabolic pathways. The absence of catalytic activity would allow extremely slow chemical and biochemical reactions in organisms [24] .
Regarding CC, 51.5% (13,439) of transcripts were associated with the cell and 51.3% (13, 378) , to the cell part (Fig. 3) . Transcripts arranged in the cellular cytoplasm assist in the metabolic processes and are not necessarily translated specifically for performance in organelles are the aggregates to the term cell [25] . The cell part corresponds to the spatial delimitation in eukaryotes, cytoplasm, nucleus, plasma membrane and organelles. Thus, the large number of sequences bound to such compartments associate with structure and function [26] .
After the general functional annotation, a specific one occurred by searching for the word flower between the GO terms to obtain the most related category to flowering in relation to the H011. We recorded 156 transcripts belonging only to BP (Fig. 4) . The term floral development obtained the greatest number of different transcripts, 36% (56), due to the development stage in which the H011 presented at collection time, reproductive period, with constant flower production. In addition, the flowering process in citrus is complex and requires expression of different proteins for pathway activation and repression [4] . Then, negative regulation of floral development, floral development and positive regulation of floral development had 12% (19) , 12% (18) However, an affinity of flowering in the H011 was evidenced with photoperiodism found in seven different terms (Fig. 4) , though with lower percentages of transcripts. There is a direct relationship between photoperiod and flowering, so that plants are classified according to short, long or neutral days. Thus, for plants to germinate, grow and bloom it depends on the duration of the night and day period, detected by the circadian clock of the vegetable [30] . Flower morphogenesis was the last term associated with the H011, 1% (2) transcripts, which corroborates the data obtained in relation to the H011 sequences similar to proteins associated with flowering pathways. Only the AP1 and BAM proteins were identified in the meristematic identity pathway.
Microcitrangemonia sequences similar to flowering-related proteins
By means of tblasn, we identified 82.8% (29) different sequences in the H011 (Table 2 ) similar to the investigated proteins ( Table 1 ) that belong to flowering-related pathways.
In studies developed mainly with Arabidopsis, flowering induction is a complex process involving the expression and repression of several genes. Gene regulation occurs from external and internal stimuli in the plant. Thus, pathways acting in the control of flowering can be classified as response to external factors: photoperiod and vernalization, and response to internal factors such as gibberellin (GA) and endogenous [31, 32] .
We found DELLA protein in the gibberellin pathway for the H011 (Table 2 ). This protein represses GA action by acting as a negative regulator for the transcription factors involved in GA signaling [33] . GA in citrus is associated with repression of flowering and its greater quantity and prevalence over time promotes increased vegetative development, consequently long juvenile period. Thus, the beginning of the reproductive period occurs late, from three to seven years depending on the species [4] . DELLA protein culminates with the main H011 characteristic, which is the short juvenile period, possibly the least GA amount. Fig. 5 shows H011 seedlings with two and three Fig. 3 . Graphic with the distribution of the sequences between the GO terms for each category.
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months of life with floral bud, which was not previously registered for citrus plants from classic genetic improvement.
In the photoperiod pathway, sequences homologous to the proteins were found in the H011: PHYA, PHYB, CRY1, CRY2, CRY3, TOC1, LHY, ZTL, CCA, GI, CO (Table 2) . These proteins associate with the induction of flowering by promoting cascade molecular responses resulting in the expression of genes belonging to the floral integrator pathway (Fig. 6) . Thus, the photoperiod is one of the most relevant factors for the occurrence of flowering in the plant [34] .
Phytochromes A and B (PHYA and PHYB) and cryptochromes 1, 2 and 3 (CRY1, CRY2 and CRY3) act as red and blue light photoreceptors, respectively. Light as stimulator, photoreceptors and LHY, TOC1 and CCA work on the synchronization and functioning of the plant circadian clock. At dawn, the available light assists in the gene expression of the proteins CCA1 and LHY, which activate other genes needed during the daytime period and make impossible the expression of the genes expressed in the nocturnal period as the TOC1. In contrast, at dusk, the amount of LHY and CCA1 proteins decreases, consequently increasing the level of TOC1 [35] . The control of TOC1 degradation is performed by ZTL protein thus assisting in the support of the normal circadian period [36] . Periodic information from circadian clock promotes the expression of the GI gene; consequently, the GI protein activates the CO gene encoding the CO protein responsible for promoting the expression of the FT gene that makes up the pathway of the floral integrators (Fig. 6) . These proteins were found in other species of citrus and other woody plants [37] , suggesting that the genes involved with the photoperiod remain in these plants.
The H011 sequences also showed similarities with FCA, FLC, SVP and TFL proteins belonging to the autonomous flowering pathway (Table 2 ). These proteins act as negative regulators of flowering preventing the transcription of genes encoding the pathway proteins of floral integrators [38] . There is an inverse relationship between the presence and amount of FLC protein in relation to FT protein, so that when FLC protein exists, the FT protein is not expressed [29] . However, in the H011 both proteins appeared (Fig. 6, Table 2 ). The hypothesis is that the proteins related to the repression of flowering do not act effectively for the H011. This hypothesis is further reinforced by the phenotypic behavior of the genotype that exists in the Embrapa Cassava and Fruits (BA) for approximately eight years. H011 began to bloom after a year and to the present day it shows the production of flower and fruit concomitantly and daily; it is possible to obtain flower and fruit from the H011 in all seasons.
In addition, there were homologous sequences for the EMF2, SUF3, SUF4, VIP3, VIP4, VIP5 and VIP6 proteins for the vernalization pathway in the H011. The SUF3, SUF4, VIP3, VIP4 and VIP5 proteins act as positive regulators for the FLC expression during the low temperature period [39] . This indicates a possible high prevalence of FLC protein in the H011, strengthening the hypothesis that the repressor function of FLC flowering is not effective in the genotype under study. In a mutant Poncirus trifoliata with early blooming, FLC had higher expression during winter and no flower production in that period, followed by a decrease in expression in spring and summer, which are flowering periods [40] .
In relation to EMF2, the action is mainly in the suppression of the early flowering by means of flowering genes repression. According to Yoshida et al., [41] mutants of Arabidopsis were silenced from EMF2 and EMF1 gene, so the decrease in the activity of the EMF proteins allowed the flowering. EMF protein is part of the Polycomb group (PCG) which is relatively conserved in plants. Thus, EMF2 protein possibly does not develop the function in the H011, although it is identified in the genotype, since the flowering occurs very early.
We also identified in the H011 proteins from the floral integrator pathway CIFT2, CIFT3, SOC1 and the meristematic identity pathway AP1, BAM1 and BAM2 (Table 2 ). These proteins are the most studied in relation to flowering in citrus. SOC1, CIFT2 and CIFT3 are fundamental to promote the modification of the vegetative meristem in the reproductive meristem. Proteins CIFT2 and CIFT3 are produced mainly in leaf tissue; transport to the apical region of the stem through the phloem [8, 42] . When reaching the meristematic regions they activate the expression of the genes involved in the meristematic identity pathway and initiate the formation of flower structures such as petals [2] . According to Almeida [43] , the H011 shows CIFT expression in the summer and in the winter, when the expression values were superior compared to the summer. These data, associated to the found proteins, corroborate with the characteristic of constant flowering in all the seasons of the year in the H011 induced mainly through the ICTP expression.
The identification of the large variety of flowering-related proteins in the H011 allows new information mainly on GA pathways, photoperiod, autonomous and citrus vernalization. Most of the available knowledge relates to Arabidopsis. From this study, the confirmation of the existence of such proteins in another citrus genotype subsidizes the development of a greater amount of work related to these pathways in citrus. In addition, this is the first work investigating the expression of Fig. 4 . Graphic illustrating the categorization of GO terms in the biological process class (BP) when looking for the word flower.
flowering genes for the H011. Thus, from the knowledge and the hypotheses, new investigations are possible on the H011, demonstrating the expression of important genes related to flowering and that can be better explored for the creation of new varieties in programs of genetic improvement of citrus through of the manipulation of these genes and consequently of the manifestation of the characteristic.
Similarity between different plant species for SOC1, AP1 and FLC
There have been genomic, transcriptomic and proteomic studies related to flowering for over a decade; however, the availability of complete gene and protein sequences linked to floral induction for most plant genera in databases is still relatively low. Proteins belonging to repressor pathways such as FLC, integrators such as SOC1 and meristematic identity such as AP1 are among the proteins with the greatest amount of sequences for plants in the databases, being thus, selected for this study.
The analysis of similarity for each protein allowed inferring about the evolutionary proximity of the H011 in relation to other species of citrus and other plant species such as Arabidopsis thaliana. Different studies have reported the conservation of genes related to floral regulation among plant families [27, 44] . Data from Pillitteri et al., [7] show that for the Washington Navel orange the amino acid sequences from the genes CsLFY and CsAP1 showed evolutionary proximity and similarity greater than 65% for A. thaliana. H011 showed different results with greater evolutionary similarity with other species. In relation to AP1, SOC1 and FLC, the H011 had higher identity with Citrus sinensis (Fig. 7) , sharing an ancestor with less evolutionary time when compared to the other species. After C. sinensis for AP1, the species with the highest molecular similarity were Paeonia lactiflora (peony), Malus domestica (apple) and Eriobotrya japonica (yellow or loquat plum). In relation to SOC1, the species with the highest molecular similarity were Manihot esculenta (cassava) and Jatropha curcas and for FLC, the species were Poncirus trifoliata (citrus) and Dimocarpus longan. A. thaliana was further apart in the cladogram in relation to the three investigated proteins, showing greater evolutionary divergence.
The evolutionary proximity of the H011 with C. sinensis to the studied proteins relates to the H011 origin, which originates from the crosses of [Lemon Tree Rangpur (LCR) X Citrus 'Yuma' (CTYM) -005) X Microcitrus papuana (MCP) -011]. The female parental (LCR X CTYM-005) shows a gene composition of Citrus limonia (LCR), C. sinensis and P. trifoliata, since CTYM-005 is a hybrid (C. sinensis x P. trifoliata). The male genitor provided the genetic material of M. papuana [45, 46] , so all the species involved in the creation of the H011, as well as the H011 itself belong to the Rutaceae family.
The other plant species that show evolutionary proximity to the H011 belong to different families, except P. trifoliate. P. lactiflora is a perennial herb from the family Paeoniaceae [47] , M. domestica and E. japonica are part of the family Rosaceae [48] , M. esculenta and J. curcas are from the family Euphorbiaceae [49] and D. longan from the family Sapindaceae [50] . However, all families, including the Rutaceae, are within the same clade, the Rosids. A heterogeneous clade supported by molecular analysis of different genes, which justifies the similarity in the composition of the AP1, SOC1 and FLC sequences between the H011 and the previously mentioned species belonging to different families.
The knowledge obtained on the evolutionary similarity of the H011 transcripts promotes a foundation for future studies on gene expression or transformation that may involve the H011 to species close in the evolutionary context and proteins involved with the flowering process. Therefore, this study is an important source of information for future research. 
Conclusion
In the PB category are the largest number of H011 transcripts involved in the flowering process, classified as floral repression and induction, but phenotypically repression was not observed. Genes involved in the flowering repression process, such as FLC, demonstrated a non-effective action for FT repression, unlike the FLC action in Arabidopsis and other citrus species. In the gibberellin, photoperiod, autonomic and vernalization pathways it was proven the expression of different genes that make up each pathway, the transcripts of such genes were identified in H011, most previously found more frequently only in Arabidopsis. Most of the transcripts showed evolutionary similarity with Citrus sinensis mainly for proteins SOC1, AP1 and FLC e the information obtained contributes to the understanding of the physiological behavior of H011 in relation to the transition from the vegetative to the reproductive period and it becomes an important source of knowledge mainly for citrus breeding programs that seek to study the reduction of the juvenile period and gene transformation.
